By the study of the dynamical processes related to entropy, this work aims to create a mathematical tool to identify magnetic clouds (MCs) in the interplanetary space using only interplanetary magnetic field (IMF) data. Used as basis for an analysis methodology, the spatio-temporal entropy (STE) measures the image (recurrence plots) "structuredness" in both space and time domains. Initially we worked with the Huttunen et al. 2005's dataset and studied the 41 MCs presenting a shock wave identified before the cloud. The STE values for each Bx, By, Bz IMF time series, with dimension and time delay equal to one, were respectively calculated. We found higher STE values in the sheaths and zero STE values in some of the three components in most of the MCs (30 among 41 events). In a physically consistent manner, data windows of 2500 magnetic records were selected as the calculation interval for the time series. As not all MCs have zero STE simultaneously, we created a standardization index (an entropy index, called as EI) to allow joining the result of the three components. With the use of EI three not known MCs were indeed identified and then the MVA method allowed calculating their boundaries. Thus the EI is proposed as an auxiliary tool to identify MC candidates based only on IMF analysis. In a promissor condition, this methodology implemented gives basis for an automatic MC identification procedure and surely useful for space weather purposes..
1 name given by Eugene Kononov's Visual Recurrence Analysis (VRA) software, not to be confused with spatio-temporal entropy image (STEI) (Ma and Zhang, 2001) 
Methodology and Dataset
In this work, the purpose is to present a tool using the STE in a method that can identify simply and quickly the 67 occurrence of a MC at about 1 AU. The main advantage of the approach proposed is that it takes into account only the MCs identified by other authors will be also used. Additionally new MCs will be identified by this tool unravelling 72 some features hidden in those time series of data. Our methodology uses a strictly mathematical criterion from the 73 nonlinear dynamics techniques to identify MCs in the solar wind. This methodology is indeed a novelty. 
The recurrence plots in Visual Recurrence Analysis software

75
It is presented a summary of the ideas expressed in the Eugene Kononov's Visual Recurrence Analysis (VRA) 76 software 2 about recurrence plots (RPs). In order to present the ideas, some figures are used to guide the description.
77 Figure 1 shows a RP for a simple sine wave, using the data file just included in VRA software. In it organized 78 patterns of color characteristics are shown for the periodical signal. In order to allow a comparative view, a RP of 79 white noise is shown in Figure 2 , with the data file also included. With a different result, an uniform distribution of 80 color characteristics is noticed for the random signal.
81
Figure 1: Recurrence plot of simple sine wave, using a data file included with VRA software. In the RP organized patterns of color characteristics are shown for a periodic signal (A color version is available in the electronic version).
The RP is a relatively recent technique for the qualitative assessment of time series (Eckmann et al., 1987) , A
82
technique that allow someone detects graphically hidden patterns and structural changes in data or see similarities in 83 patterns across the time series under analysis. The fundamental assumption underlying the idea is that an observable 84 time series (a sequence of observations) is the manifestation of some dynamic process.
85
It has been proved mathematically that one can recreate a topologically equivalent picture of the original mul-86 tidimensional system behavior by using the time series of a single observable variable (Takens, 1981) . The basic 87 idea is that the effect of all the other (unobserved) variables is already reflected in the series of the observed output.
88
Furthermore, the rules that govern the behavior of the original system can be recovered from its output.
89
In the RPs a one-dimensional time series from a data file is expanded into a higher-dimensional space, in which the 90 dynamic of the underlying generator takes place. This is done by a technique called "delayed coordinate embedding",
91
which recreates a phase space portrait of the dynamical system under study from a single (scalar) time series. To 92 expand a one-dimensional signal into an M-dimensional phase space, one substitutes each observation in the original 
Y(t) = x(t), x(t − d), x(t − 2d), · · · , x(t −
(
103
In RPs, if the underlying signal is truly random and has no structure, the distribution of colors is uniform and does 104 not have any identifiable patterns (see Figure 2 , for example). There is some determinism in the signal generator,
105
which can be detected by some distinctive color distribution. For example, hot colors (yellow, red, and orange) can 106 be associated with small distances between the vectors, while others colors (blue, black) may be used to show large 107 distances. In this printed work colors are noticed as a grey pattern (from white to black). Therefore one can visualize 108 and study the motion of the system trajectories and infer some characteristics of the dynamical system that generated 109 the time series. Also, the length of diagonal line segments of the same color on the RP brings an idea about the signal 110 predictability. But, RP is mostly a qualitative tool.
111
For random signals, the uniform (even) distribution of colors over the entire RP is expected. The more determin- 
The entropy concepts in recurrence plot: a review
115
The RP is a visual tool for the investigation of temporal recurrence in phase space (Takens, 1981 series of the IMF. A brief review on the entropy concepts is presented here.
119
The STE entropy was used to measures the image "structuredness" in a bidimensional representation, i.e., both 120 in "space" and time domains. It was implemented in VRA software to quantify the order in RPs. In physical terms,
121
this quantity compares the distribution of distances between all pairs of vectors in the reconstructed state space with 122 that of distances between different orbits evolving in time. The result is normalized and presented as a percentage 123 of "maximum" entropy (randomness). When the entropy has a value of 100% it means the absence of any structure 124 whatsoever (uniform distribution of colors, pure randomness, seen in Figure 2 ). On the other hand, 0% of entropy implies "perfect" structure (distinct color patterns, perfect "structuredness" and predictability, seen in Figure 1 ).
of the recurrence variables of the RQA method. It is the Shannon information entropy for the distribution probability 136 of the diagonal lines. That is:
where L min is the minimum length of diagonal lines in RP and
The ENT can be calculated using the VRA software; but it should not be confused with the STE. 
The RPDE value is a scalar in the range zero to one. For purely periodic signals, H norm = 0 (STE=0%) whereas 147 for purely uniform white noise, H norm = 1 (STE=100% 
They can define the relative energy of the m th structure as
and the entropy of the spatio-temporal signal u(t, j) is defined as . Series rotated about origin (θ = −0.01 rad , θ = 0.01 rad , θ = 0.0175 rad ) and the three resulting series also plotted. After that, we calculate the STE of each series.
184
We follow the same idea to cause a trend in time series for another cases, Sine and White Noise data file also 185 included in VRA. The results were included in rows 3 and 4 of operator. Sometimes the first differencing is not enough to remove the trend in mean. We then try further differencing.
192
For example, the second-order difference is given by:
Our interest is to study variations in the STE values when a first-order differences are applied on stationary time rotation) (all data).
216
In this paper we use data from the magnetic field components with the time resolution of 16s in GSM and GSE
217
coordinate systems, because we are interested in studying time series of magnetic clouds from 1000 to 5500 data 
226
In the other subsections, we have studied time intervals of the solar wind, designated here as solar wind windows,
227
with the purpose of validating a method for detecting MCs. Over all the windows the STE variations were studied.
228
We named the previous methodology of "windowed spatio-temporal entropy". The criteria to select a specific solar 229 wind window are presented in the begin of each subsection. Lorenz attractor (Lorenz data file included in VRA), STE is near its minimum when the correct embedding is used
236
(dimension = 3, time delay = 16 for that particular data file). This and other results suggest that STE can be used 237 to determine the optimal embedding parameters. We selected the same embedding and time delay, equal to one, to 238 maintain equivalence in the calculation of entropy among all series. Table 3 presents the events in chronological order.
239
The STE values for the 41 MC events, presented in Table 3 , are shown in Figure 4 In Figure 4 (a), the STE values of the 246 time series (each separated by cloud and sheath respectively) were 244 plotted in chronological order (as appeared in column 1 in Table 3 ) earlier for MCs and bellow for sheath regions.
245
The STE values were calculated with embedding dimension and time delay equal to one respectively. Some MCs do
246
not have values close to zero entropy in the three components simultaneously. Then, it is possible to find components 247 with perfect structuredness (low STE) and absence of structure (high STE) in the same magnetic cloud.
248
If we compare the STE values between the same components for the sheath and the cloud regions (for example, presence of another cloud in the sheath region will be examined later (subsection 3.2.2).
257
Figure 4 (b) shows a histogram of STE derived from (a) for the B z component of clouds (in grey) and sheaths.
258
We have 37/41 of MCs with STE less than 40% and 37/41 of sheaths with STE greater than 40% respectively. We 259 did some tests with the time series to explain the results above. First, if the Gaussian noise is removed from the 260 signal and the STE calculated, the STE value tend to decrease in less than 5% from its initial value. Second, when 261 a trend is removed of the series through a rotation (with the angle of slope line of best fit) the STE varies, but still 262 the three components had S T E = 0% value in 17/41 MCs and 1/41 sheath at the same time in time series with more than 5500 data points (VRA software limitation). These results are shown in Figure 5 and will be discussed later.
264
Third, by removing the trend through the first order difference in time series (see Figure 4 (c)) we still have MCs with
265
S T E = 0%. 
266
12.
1. 1. 1. Table 3 . At the top, the STE for B x , B y and B z , the three IMF components, plotted respectively as the " • ", " + " and " × ". At bottom, the same as to above but for the sheath regions. windows (11.11 h) must also be in the order of ∼ ±8%, a sufficient condition for our initial purpose. We will be able 305 to study in detail the calculation of the STE by temporal windows for six solar wind intervals following in the studies 306 (4 MCs represented in Table 3 and other 2 cases). 
16.
22
07-January-1998 MC event
308
We decided to study in more details the STE variations taking into account some days before and after the event ure 4 (a), the first event). We find in Figure 5 that the time series are composed of 6753 data points and, consequently,
311
we have zero entropy when the STE was calculated using the VRA software.
312
Based on the features analyzed in the beginning of this section, our hypothesis is to find zero STE in the period of 313 the magnetic cloud to identify it. Then, we have selected a time window for 03 − 12 January, 1998 and take IMF three In particular, they give a detailed list of such events based on in situ observations. They reported two ICME in this 322 interval, 07 January 01 : 00 to 08 January 22 : 00 and 09 January 07 : 00 to 10 January 08 : 00. Then we have one Table. 3). piled up in front of CME ejecta (Tsurutani et al., 1988 ).
335 Figure 6 shows the behavior of STE in ten days of solar wind. 
The thick curve in Figure 6 is the representation of the EI calculated over the analyzed period. We could think 
20-August-1998 MC event
359
We take this temporal windows of ten days because we already knew that there was an MC near the center, as 360 reported in Table 3 number 6 event. Also, this is the only event that has zero STE in the sheath. On 19 August 1998, at 02 : 00 UT the parameters were: proton density N p = 3.57cm −3 , the proton temperature
378
T p = 7.31 * 10 4 K, the ratio of alphas/protons = 4.5 * 10 −3 , the proton speed V p = 333.9 km/s, magnetic field magnitude B = 2.4 nT and plasma beta β = 1.6. One hour later some parameters had a change to N p = 3.98 cm −3 ,
380
T p = 7.1 * 10 4 K, alphas/protons = 6.1 * 10 −3 , V p = 331.1 km/s, B = 0.57 nT and β = 29.8. It is very difficult to 381 identify a shock, but the plasma beta increased abruptly and we believe it was related to the arrival of an event. Two 382 hours later, at 05 : 00 UT, the plasma beta decreased to β = 0.58, after that there were eleven hours with gaps. The 383 plasma beta minimum value was β = 7.8 * 10 −2 at 21 : 00 UT where there was a maximum magnetic field magnitude 384 of B = 13.3 nT. We used the magnetic field rotation confined to one plane, the plane of maximum variance (B * x B * y )
385
(see Figure 8) , to find the boundaries of the cloud.
386
Finally, we identified the bipolar MC1 observed by ACE on 19 August at 10 : 00 UT to 20 August at 00 : 00
387
UT (see Figure 8) . This MC has a flux-rope type SEN and the observed angular variation of the magnetic field is Table 4 we show the date of the 
18-February-1999 MC event
397
A study in more details of the STE variations is presented for some days before and after the event number 11 It is presented a study in more details of the STE variations with some days before and after the event number 24 Table 5 ). The MVA method gives the eigenvalue ratio λ 2 /λ 3 = 47.5, the angle between the first and the last magnetic 
Interface between the interplanetary ejecta and the high-speed stream on 22 October 1999
High-speed streams, originating in coronal holes, are observed often following interplanetary coronal mass ejec- .
Identification by windowed STE method of 05-06 April 2010 MC event
457
On 3 April 2010 the Sun launched a cloud of material, known as a coronal mass ejection (CME), in a direction 458 that reaches the Earth. This CME was much faster than most of the CMEs seen recently, with a speed of at least 459 800 Km/s. The bulk of the CME passed south of Earth, but a piece of it hit the Earth's magnetosphere on April 5,
460
causing a geomagnetic storm (Dst min = −73 nT on 06 April at 15 : 00 UT). As a result bright auroras were seen 461 around the world at higher latitudes.
462
This event was very recent and we wanted to use the technique to verify any possible MC occurrence. The ACE It was only possible to obtain such data for 16 second average IMF in RTN and GSE coordinates via anonymous ftp, 
476
It is easy to identify a shock because the velocity, density and magnetic field magnitude increases abruptly and we 477 believe it is related to the arrival of an event to ACE. Eight hours latter than the time of the shock, at 16 : 00 UT, the 478 plasma beta decreases to β = 3.2 * 10 −2 , and it is the beginning of the magnetic cloud. The plasma beta minimum 479 value were β = 8.8 × 10 −3 on 06 April at 12 : 00 UT. We used the magnetic field rotation confined to one plane, 480 the plane of maximum variance (B * x B * y ) to find the boundaries of the cloud (see Table 6 ). The MVA method gives the 481 eigenvalue ratio λ 2 /λ 3 = 16, the angle between the first and the last magnetic field vectors χ = 48 • , the orientation 
Correlation between the Windowed STE and the inclination of IMF
486
Following the same idea presented in subsection 2.3, we calculate the STE versus the trend angle. In Figure 3 , we other, the correlation coefficient will be negative (anti-correlation), as in our cases. The anti-correlation between the 500 two parameters (STE and θ) gives the idea that the trend in the B X series is responsible for the low values of STE. But 501 the above idea is not totally true; because we have S T E 0% series with a larger trend, more separated points of the 502 vertical line. The histograms help to see the distribution of the tend.
503
One response to these kinds of problems can be fluctuations in the signal. Sometimes, the trend in the records for 504 a sheath region is bigger than the trend for a cloud, but the sheath has rapid fluctuations that changes the sign of the 505 signal and the STE is not zero. Then the S T E = 0% at magnetic clouds is related to the simultaneous occurrence 506 of two factors: (1) the trend existing in the signal, (2) the analyzed variable (in this case, IMF B x ) has a more ordered 507 dynamical behavior (i.e. few fluctuations) and higher degree of correlation between its time neighbors.
508
In Figure 14 
523
The analyses developed in this work shows that:
524
• MCs have STE values lower than the ones for sheath region.
525
• The differences among the STE values for the three magnetic components in a MC give an idea about the 526 anisotropy in the structure of some MCs. But this idea is still an open question to be better investigated.
527
• In MC the magnetic field strength is higher than the average, the magnetic field direction rotates smoothly 528 through a large angle, then periods of MC have more trend than sheath region and "quiet" solar wind periods.
529
The trend is the principal cause of the lower values of STE in the MC. Also, MCs are most structuredness than 530 sheath and "quiet" solar wind.
531
• Using the EI and MVA method it is possible to identify all the magnetic clouds that arrive at spacecrafts.
532
• The entropy index (EI) proposed gets success as an auxiliary tool to identify magnetic cloud candidates and 533 calculation of EI could be used in an automatic procedure of preliminary investigation or convenient warning.
534
Based on its skill to provide an objective analysis, the STE method can be seen as a valuable tool in the study of 
Acknowledgments
like to thank ACE Staff and WDC-Kyoto for the datasets used in this work. Ojeda G. A. would like to thank the
